We describe the results of a search for galaxies with large (≥ 350 kms −1 ) velocity dispersions. The largest systems we have found appear to be the extremes of the early-type galaxy population: compared to other galaxies with similar luminosities, they have the largest velocity dispersions and the smallest sizes. However, they are not distant outliers from the Fundamental Plane and mass-to-light scaling relations defined by the bulk of the early-type galaxy population. They may host the most massive black holes in the Universe, and their abundance and properties can be used to constrain galaxy formation models. Clear outliers from the scaling relations tend to be objects in superposition (angular separations smaller than 1 arcsec), evidence for which comes sometimes from the spectra, sometimes from the images, and sometimes from both. The statistical properties of the superposed pairs, e.g., the distribution of pair separations and velocity dispersions, can be used to provide useful information about the expected distribution of image multiplicities, separations and flux ratios due to gravitational lensing by multiple lenses, and may also constrain models of their interaction rates.
INTRODUCTION
Giant early-type galaxies are expected to be more massive than spirals. They typically have line-of-sight velocity dispersions larger than 200 km s −1 . The massive cD galaxies at the centers of some groups and clusters are expected to be substantially more massive, and are thought to be amongst the most massive galaxies in the universe (Dressler 1979; Porter, Schneider & Hoessel 1984) . Published measurements of velocity dispersions of cDs tend to not exceed ∼ 400 km s −1 (for reference, the line-ofsight velocity dispersion of a dark matter halo with mass 5 × 10 13 h −1 100 M ⊙ at z = 0.2 is ∼ 400 km s −1 ), but it is not clear whether this reflects a bona fide physical upperlimit, or if it is simply that such objects are rare, and surveys to date have not probed sufficiently large volumes to find them. Indeed, extrapolation of the distribution of early-type galaxy velocity dispersions suggests that the abundance of objects with velocity dispersions in excess of 350 km s −1 and 400 km s −1 should be 4×10 −7 (h 70 Mpc) −3 , respectively (Sheth et al. 2003) . The Sloan Digital Sky Survey (hereafter SDSS; York et al. 2000) is just beginning to probe a sufficiently large volume that such systems, if they exist, should appear in significant numbers. The SDSS First Data Re-lease covers an area of approximately 2000 square degrees (Abazajian et al. 2003) . In a spatially flat cosmological model with Ω 0 = 0.3 and H 0 = 70 km s −1 Mpc −1 , which we adopt in what follows, the comoving volume of a cone 2000 square degrees on the sky out to z = 0.3 is 3.34 × 10 8 Mpc 3 . In what follows, we describe a search for systems with extreme velocity dispersions in the SDSS. We select a sample of early-type galaxies from the SDSS survey following techniques described by Bernardi et al. (2003a) . This selection is described in Section 2. The SDSS spectroscopic pipeline reports that about 100 of these objects have velocity dispersions in excess of 350 km s −1 . Section 3 presents the results of a reanalysis of the images and spectra of these objects. Although all these objects were classified as single galaxies by the SDSS photometric pipeline, almost half have spectra and/or images which indicate that they are, in fact, superpositions. Evidence for superposition also comes from consideration of the location of these objects relative to the early-type galaxy scaling relations such as the Fundamental Plane, the mass-to-light ratio, and the correlation between color and velocity dispersion. An Appendix provides estimates of the likelihood of projection, and describes how we estimate the velocity dispersions and separations of the individual components. These are interesting objects in their own right.
The other ∼ 70 objects with estimated velocity dispersions in excess of 350 km s −1 are not obviously superpositions. Although it is difficult to argue conclusively that they really are single galaxies, Section 4 uses the Mg 2 -σ correlation to argue that at least some of these objects are extremely likely to be singles. Some of these objects are in crowded fields, whereas others are quite isolated. They appear to be at the extreme tails of the early-type galaxy scaling relations, but they are not obvious outliers. These are interesting objects for follow-up study.
We discuss some implications of our findings in Section 5. For instance, the single galaxies with the largest ve-1 locity dispersions in our sample potentially host the most massive black holes in the Universe; existence of objects with large velocity dispersions constrains models of the gas cooling and baryonic contraction associated with galaxy formation in dark matter halos; comparison of the predicted number of superpositions with the number we think we have seen can be used to constrain the amount of extinction due to dust in early-type galaxies and/or the density profiles of clusters on very small scales; and our sample of close pairs is useful for models of gravitational lensing by binary-or more complex lenses.
THE SAMPLE
All the objects we analyze were selected from the Sloan Digital Sky Survey (SDSS) database. See York et al. (2000) for a technical summary of the SDSS project; Stoughton et al. (2002) for a description of the Early Data Release; Abazajian et al. (2003) for a description of DR1, the First Data Release; Gunn et al. (1998) for details about the camera; Fukugita et al. (1996) , Hogg et al. (2001) and Smith et al. (2002) for details of the photometric system and calibration; Lupton et al. (2001) for a discussion of the photometric data reduction pipeline; Pier et al. (2002) for the astrometric calibrations; Blanton et al. (2003) and Strauss et al. (2002) for details of the tiling algorithm and target selection.
We selected all objects targeted as galaxies and with Petrosian apparent magnitude 14.5 ≤ r Pet ≤ 17.75. To extract a sample of early-type galaxies we then chose the subset with the spectroscopic parameter eclass < 0 (eclass classifies the spectral type based on a Principal Component Analysis), and the photometric parameter fracDev r > 0.8. (The parameter fracDev is a seeing-corrected indicator of morphology. It is obtained by taking the best fit exponential and de Vaucouleurs fits to the surface brightness profile, finding the linear combination of the two that best-fits the image, and storing the fraction contributed by the de Vaucouleurs fit.) We removed galaxies with problems in the spectra (using the zStatus and zWarning flags). From this subsample, we finally chose those objects for which the spectroscopic pipeline had measured velocity dispersions (meaning that the signal-to-noise ratio in pixels between the restframe wavelengths 4200Å and 5800Å is S/N > 10). This gave a sample of 39320 objects, with photometric parameters output by version V5.4 of the SDSS photometric pipeline and V.23 reductions of the spectroscopic pipeline.
We considered increasing the volume of our sample to z = 0.4, by also including those objects which the SDSS targets as Luminous Red Galaxies (Eisenstein et al. 2001) . Most of the luminous objects in our main early-type galaxy sample are, in fact, also LRGs; so the main effect of including the LRG sample is to reduce the magnitude limit for the reddest objects. However, many of the fainter LRGs which are not already in our main sample tend to have spectra with small S/N ratios, making it difficult to assign reliable velocity dispersions (indeed, the SDSS pipeline estimates velocity dispersions only if S/N > 10). We have checked that the LRGs with larger S/N ratios follow the same scaling relations as the main sample, so we decided to use only galaxies drawn from the main sample, and to not include objects which were targeted specifically as LRGs.
The contours in Figure 1 show the distribution of velocity dispersions in our sample. (The convention is to report velocity dispersions which have been corrected to an aperture that is 1/8 times the half-light radius (e.g. Jørgensen, Franx & Kjaergaard 1995) . We follow this convention, so the aperture corrected velocity dispersions reported below slightly larger than the measured values.) Because luminosity and velocity dispersion are correlated (Bernardi et al. 2003b show that L ∝ σ 4 ) the objects with small velocity dispersions are likely to fall below the magnitude limit of our sample at higher redshifts. This accounts for the weak trend with redshift.
Of the main sample of objects represented by the contours, the spectroscopic pipeline reports that 105 have velocity dispersions σ > 350 km s −1 . These estimates assume that the spectrum really is that of a single object. In Appendix A.1, we argue that the likelihood of a superposition which is sufficiently close that the photometry treats the blend as a single object is about one in every three hundred of the objects selected as early-types, so that some of the most distant luminous objects are likely to be superpositions. Therefore, we have performed our own estimates of the velocity dispersion for all these objects. Our analysis is described in some detail in Appendix A.2, where we conclude that most of the objects with σ ∼ > 500 km s −1 are actually superpositions. The small blue squares in Figure 1 show objects we identified as superpositions, and the small red circles show objects for which the evidence for superposition is less compelling. Tables 1 and 2 list some of the important measured parameters of these objects. For objects which are not obvi- Fig. 1 .-Velocity dispersions of early-type galaxies as a function of redshift. Contours, spaced in factors of two from the maximum, represent the distribution of objects in the main sample, blue squares show the objects we think are superpositions, and red circles show objects for which the evidence for superposition is weakest. ous superpositions Table 1 provides the object name, redshift, absolute r−band magnitude, restframe model g − r color, r−band size, aperture corrected velocity dispersion and associated measurement errors. The magnitudes and sizes we use are those which come from the SDSS pipeline fits of a deVaucoleur's profile to the surface-brightness distribution. In addition, the Table reports the S/N ratio of the spectrum, and for objects with S/N ≥ 18, it reports the Mg 2 line-strength (estimates at lower S/N are very unreliable). These values are used in Section 4, which describes the results of an additional test of superposition. An asterix has been placed after the S/N values of all objects for which the evidence for superposition is weakest. These objects show little irregularity in imaging and little asymmetry in the cross-correlation function-they may well be single objects. Table 2 provides analogous information for the objects which are almost certainly superpositions. For these objects, the measured parameters of the blend are almost certainly not those of the individual components, so we have chosen to not report the measurement errors (which are similar in magnitude to those in Table 1 ). However, we have included an estimate of the line-of-sight separation (in km s −1 ) between the two components, obtained from the analysis described in Appendices A.2 and A.3. Figure B1 shows fields which are a few arcseconds on a side (for reference, the angular diameter distance corresponding to one arcsecond at z = 0.3 is 4.4h −1 70 kpc), and slightly larger fields, ∼ 1 ′ on a side, centered on each object which we did not classify as a superposition. (This larger scale is close to the minimum spacing between SDSS fibers, 55 ′′ , so, typically, only the central object in the field will have an SDSS spectrum, even if others satisfied the magnitude limit.) The figure also shows the result of two different techniques for estimating the velocity dispersion, as well as sections of the spectra of these objects, with the best-fitting template spectrum superimposed. In these figures, and these figures only, we show the measured velocity dispersion, before correcting to an aperture of r e /8, since it is these measured values which are altered by superposition. Clearly, some of our objects are in relatively crowded fields, whereas others are rather isolated. A similar analysis of the objects classified as superpositions is shown in Figure B2 . (The electronic version of this article shows similar figures for all the objects in our sample; only a few representative examples are presented here.)
NORMAL OR ANOMALOUS?
We have checked if the objects which are not obvious superpositions are a distinct population. Evidence that they are not substantially different from the bulk of early-type galaxies is presented in Figure 3 . In each panel, contours represent the full early-type galaxy sample, blue squares represent the objects we identified as superpositions, and red circles represent objects which could be either singles or doubles. Error bars indicate the uncertainty in the measurements of the velocity dispersions, sizes, masses, and colors (in some cases they are smaller than the dimensions of the symbols; for clarity, and to illustrate the magnitude of the typical color error, we have only shown errors for some of the objects). The solid line in the top left panel shows the Fundamental Plane relation reported by Bernardi et al. (2003c) ; although this fit is based on old photometric and spectroscopic reductions, it's slope provides a good description of the new data. Solid lines in the other panels show fits to the other scaling relations derived for the full early-type sample. Following Bernardi et al. (2003b,c) , the luminosities and colors have been corrected for evolution (the correction is 0.85z to M r and 0.3z to M g − M r ), and the fits correct for the effect of the magnitude limit of the SDSS.
The objects with σ > 350 km s −1 which are not obvious doubles (red circles) clearly are extremes: they outline the high-mass border of the mass versus luminosity relation (top right panel), and they have the smallest sizes and the largest velocity dispersions for their luminosities (middle right and bottom right). However, although they outline the borders of these relations, they are not clear outliers. They also outline the borders of the Fundamental Plane (top left) and the size-surface-brightness (middle left) relations, but they are not outliers. In addition, although they are amongst the reddest objects (bottom left), they are not redder than extrapolation of the color-σ relation from smaller σ would suggest. In fact, these objects tend to lie slightly blueward of this relation, but again, they are not outliers. These objects appear to simply be the high velocity dispersion tail of the early-type galaxy population. The next section presents more evidence that many of these objects are not superpositions.
In contrast, the objects classified as superpositions (blue squares) are clear outliers from some of the scaling relations. In particular, they are offset towards extremely small sizes from the Fundamental Plane relation (top left). They also tend to be clear outliers from the mass versus luminosity relation, being offset towards very large mass values (top right). However, in the other scaling relations, they are not obviously different from the large-σ objects which are not obvious superpositions, although they tend to scatter even more towards the bluer end of the color-σ relation. In most cases, the offset from the scaling relations is removed if one assumes that because of the superposition, the correct position of the symbol is approximately given by making the luminosity fainter by a factor of two, decreasing the velocity dispersion by a factor of between 1.4 and 2 as well, but leaving the color unchanged. (The factor of two in luminosity is easily justified, since if the luminosity ratio was extreme, the light from the fainter member of the pair would simply not be noticed. The factor of 1.5 or so in σ is less straightforward; it is approximately what we find in our analysis of the superpositions in Appendix A.)
Perhaps the most striking feature of the different panels is that the objects which were not obvious doubles are also not obvious outliers from the scaling relations defined by the main early-type sample (although they do define the borders). In constrast, the objects we classified as doubles are more distant outliers-even though these scaling relations played no role in the determining whether an object was a single or a double. Clearly, identifying outliers from the Fundamental Plane and mass versus luminosity relations is a simple way of searching for superpositions. -Location of our sample of objects (red circles) with respect to the Fundamental Plane, the massluminosity relation, the size-surface brightness relation, the size-luminosity relation, the color-σ and luminosity-σ relations. Luminosities and colors have been corrected for evolution (following Bernardi et al. 2003b ). Velocity dispersions have been corrected for aperture effects. Contours represent normal early-type galaxies, blue squares represent objects we are quite sure are superpositions, and red circles represent objects which could be either singles or doubles. -Velocity dispersion correction factor for various indices, calibrated using the models of Bruzual & Charlot (2003) . This correction does not depend on metallicity.
The previous section argued that doubles were relatively easy to identify, since they were obvious outliers from the scaling relations defined by the bulk of the population. But is there a way to reject the superposition hypothesis? In this section, we argue that this may be possible. The idea is that if superposition tends to increase the estimated velocity dispersion, then it probably also changes the infered absorption line-strengths in the spectrum. For instance, if two identical galaxies have a small line-of-sight separation, and all lines in the spectra of the individual objects have Gaussian profiles, then the spectrum of the superposition will have lines which are broader (hence increasing the infered σ). Roughly speaking, line-strengths are related to the ratio of the flux in the line-center to the flux in the wings, so the superposition will have a smaller line-strength. Therefore, superpositions may be obvious outliers from any linestrength−σ relations defined by the bulk of the population.
With this in mind, we have measured various indicators of the chemical compositions of these objects: the Lick indices Mgb and Fe are sensitive to both age and metallicity, their ratio is an indicator of the relative abundances of α-elements, C 2 4668 is also sensitive to age and metallicity, and Hδ A and Hγ F are indicators of more recent star formation (Worthey & Ottaviani 1997) . It is conventional to report the measured value after correction for the effects of velocity dispersion and aperture: the correction factors for velocity dispersion are shown in Figure 3 . Since σ may be large, the corrections may also be large for some of the indices (e.g. the two iron lines Fe5270 and Fe5335). However, the correction for Mg 2 is small; less than ten percent even when σ ∼ 600 km s −1 . For this reason, we will use it in what follows. In addition, the Mg 2 index can be measured accurately also for relatively low S/N spectra. To study the effect of superposition on σ and Mg 2 , we have summed two identical spectra (chosen from among the high S/N composite spectra described in the next paragraph), with redshift separations ∆z, and computed the velocity dispersion and Mg 2 strengths using the usual methods. Figure 4 shows the results of this exercise as c∆z is varied from 0 to 1200 km s −1 , in steps of 200 km s −1 . Large (brown) symbols show σ and line-strength when ∆z = 0 (so the values are the same as of the single component), and small symbols show the estimated σ and Mg 2 value as the separation between the pair increases. Increasing the separation tends to increase σ and decrease Mg 2 , as expected.
Our use of identical spectra to illustrate this effect is less unrealistic than one might have thought. This is because the estimated velocity dispersion of the blend depends not only on the velocity dispersion and line-of-sight separation of the components, but also on the flux-ratio of the two components. Hence, the two components should have similar fluxes, and, being at approximately the same redshift, they should have approximately the same luminosities. However, velocity dispersion and luminosity are correlated: in this sample, L ∝ σ 4 (Bernardi et al. 2003b) . If the individual components both lie on this σ − L relation, then if the two values of σ differ by more than a factor of ∼ 1.8, the flux-ratio will be larger than ∼ 10, and the smaller component is unlikely to have a significant effect. Thus, if we detect superpositions from the spectra, it is likely that the spectra of the two components will have relatively similar velocity dispersions, and hence relatively similar absorption features. This expectation is borne out by the fact that, of the systems which were clear superpositions, the estimated velocity dispersions of the two components tend to be similar (Figures B2). Thus, even in the general case, the estimates of the effect of superposition on the Mg 2 − σ relation shown in Figure 4 are likely to be qualitatively correct.
To see if the Mg 2 − σ relation provides a reasonable diagnostic of superposition, we must compare the location of the systems with large σ in the Mg 2 − σ plane, with the region populated by the main sample. To define the Mg 2 − σ relation associated with the bulk of the early-type population, we used composite spectra constructed as described in Bernardi et al. (2005) . Each composite has S/N ∼ 100 or larger (making the estimate of the line-strength more reliable), and is made by summing the spectra of galaxies with similar magnitudes, sizes, velocity dispersions and redshifts.
The different panels of Figure 5 all show the Mg 2 − σ relation traced by the main population: black solid lines show the weighted mean of the index strength, hashed regions show the rms scatter around these mean values in the different redshift bins (blue, green, red, magenta and yellow bands show results for 0.04 < z < 0.07, 0.07 < z < 0.09, 0.09 < z < 0.12, 0.12 < z < 0.15, and 0.15 < z < 0.20; colors of the filled circles in the different panels also indicate these same redshift bins. Cyan and brown symbols represent galaxies at even higher redshifts: 0.2 ≤ z < 0.25 and z ≥ 0.25, respectively). Notice that the Mg 2 − σ relation evolves: at fixed σ, Mg 2 decreases with increasing z. This is consistent with previous work (e.g. Bernardi et al. 2003d ). In the top panel, the filled circles with error bars represent those objects classified as superpositions with S/N ≥ 18 (it is difficult to make reliable estimates at smaller S/N ratios). The previous figure suggests that superpositions should lie down and to the right of the true relation: the filled circles do indeed show such an offset. The filled circles in the middle panel show those objects which are not obvious superpositions, but do still have odd features in their spectra. While the objects which lie below the Mg 2 − σ relation are probably superpositions, the ones which lie close to the relation may well be single objects. The bottom panel shows a similar analysis applied to the objects for which the evidence for superposition is weakest: neither the images nor the spectra showed compelling evidence for superposition. These objects tend to lie on or slightly above the mean Mg 2 − σ relation; the results of Figure 4 suggest that they are very unlikely to be superpositions. These objects may well be some of the most massive galaxies in the Universe.
DISCUSSION
We searched the SDSS database for a population of objects with anomalously large velocity dispersions, and found ∼ 100 objects with estimated dispersions in excess of 350 km s −1 . Of these, about half appear to be superpositions (so the reported velocity dispersion is unrealistic); in many cases, the evidence for superposition comes not from the images but from the spectra ( Figure B2 ). These superpositions are rare: analytic and Monte-Carlo analy-ses in Appendix A suggest that one in every three hundred objects should have a neighbor within one arcsec. Moreover, of alignments closer than one arcsec, not more than ten percent are expected to be from objects in different groups. If the superpositions we see really are in the same halos, then our estimates of the line-of-sight separations imply halo masses of order 5 × 10 14 h −1 M ⊙ . The large-σ objects which are not obviously superpositions populate the tails of the scaling relations defined by the bulk of the early-type galaxy population (quantified by Bernardi et al. 2005 ), but they are not distant outliers from these relations (Figures 3 and 5) . Moreover, if only half of these objects turn out to be superpositions, and the other half are indeed single galaxies, then the abundance of singles is not inconsistent with the number expected by extrapolation of the observed abundance of smaller systems (from Sheth et al. 2003) .
If these large-σ objects are indeed massive galaxies, and the velocity dispersions do reflect virial equilibrium motions, then it might be worth searching for evidence of gravitational lensing around these objects: they would have Einstein radii 4π(σ/c)
If they host black holes whose masses fall on the same mass-velocity dispersion relation as is seen locally, M BH /10 9 M ⊙ = 2 (σ/400 km s −1 ) 4 (Gebhardt et al. 2000; Ferrarese & Merritt 2000; Tremaine et al. 2002) , then the black-holes are enormous indeed. In this case, it will be interesting to see if the light-profile shows any evidence of the black-hole in the center (e.g. Lauer et al. 2002) using HST. Because they are large and luminous, these objects should be relatively easy targets. Therefore, it should also be possible to measure spatially resolved velocity dispersions from ground-based facilities.
The superpositions are interesting in their own right. The abundance of strong gravitational lenses has been used to place limits on the geometry of the Universe (e.g. Mitchell et al. 2004 ). However, the observed distributions of image multiplicities, separations and flux ratios are difficult to reconcile with single-component lens models. This has led to some interest in the properties of lenses with multiple components (e.g., Rusin & Tegmark 2001; Cohn & Kochanek 2004) . Since early-type galaxies are expected to be the dominant lens population, the distribution of pair separations and velocity dispersions in our catalog of superpositions can be used to incorporate realistic lens pairs into models of binary-lenses. This is the subject of work in progress.
And finally, in principle, the number and spatial distribution of close superpositions contains information about the time-scale of mergers. In this regard, it is interesting that a number of the objects in our sample appear to have slightly peculiar morphologies. If this reflects a recent merger, then it is interesting to recall that none of the spectra in our sample show strong emission lines. Therefore, it may be that these objects are the low redshift analogs of the red interacting galaxies seen in the GOODS survey (Somerville et al. 2003) . Or perhaps they are fossil groups of the sort discussed by Vikhlinin (1999) and Jones et al. (2003) . Follow-up observations of these objects is ongoing.
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A.1 Likelihood of superpositions
In the main text we stated that a number of our objects were superpositions, even though the SDSS photometric pipeline classified them as single objects. In this section, we make a number of estimates of the likelihood of having a superposition with image separations of order 1 arcsec: this is a convenient number as it happens to be approximately the size of the typical SDSS seeing disk, and it is slightly smaller than the 1.5 arcsecond radius of an SDSS fiber.
A simple but inaccurate estimate follows from ignoring the fact that galaxies cluster. If the galaxies were Poissondistributed, then the typical number of galaxies within a small angle θ would beN =nπθ 2 , wheren is the mean density of galaxies on the surface of the sky. For a Poisson distribution, the probability that a region of size A which is centred on a randomly chosen galaxy contains at least one other galaxy is p(> 0|A) = 1 − exp(−N ), whereN denotes the typical number of galaxies in regions of size A. We are interested in regions which are typically an arcsecond in radius (recall that the diameter of an SDSS fiber is 3 arcsec); we will argue below that this meansN ≪ 1, so p(> 0|A) ≈N . To justify this, we must estimaten.
In principal, the superposed galaxy could be any morphological type and any intrinsic luminosity, since the magnitude limit only constrains the combined luminosities of the blend. In practice, we would only really notice the superposition if the apparent brightnesses do not differ by more than a factor of ten (e.g. Figure A1 ). Moreover, if the second object showed emission lines, the blend would probably have been excluded from the sample. Therefore, as a first simple estimate of then we are after we use the total number density of early-types, whatever their luminosity. Since we see ∼ 30, 000 galaxies in ∼ 2200 sq. deg., there are about 10 −6 galaxies per square arcsec, so the probability of overlap is ∼ (π×10 −6 )(θ/arcsec) 2 ; we would expect to find one pair separated by less than 1 arcsec for every few hundred thousand galaxies. This is significantly smaller than we think we find, presumably because by ignoring clustering, we have underestimated the number of close pairs.
To approximately account for clustering, suppose that the spatial correlation function is ξ(z, p) = [r 2 0 /(z 2 + p 2 )] γ/2 , where z and p denote comoving distances along and perpendicular to the line of sight. Provided γ > 1, the number of excess pairs at projected distance p is
The typical number of extra pairs within projected comoving distance p of a randomly chosen galaxy is N cl (< p) =n 2π dp pw(p) =n 2πp 2 w(p)
For a sample of galaxies which is similar to our early-type sample, Budavari et al. (2003) find that γ = 2 and r 0 = 8h −1 Mpc (their reddest, most luminous sample). If we approximate p ≈ (cz/H) θ, then
Note that the number of random pairs on these scales, ∼ π × 10 −6 (θ/arcsec) 2 , is substantially smaller, so can safely be neglected.
Integrating over the range of observed redshifts will only modify this estimate slightly. For instance, the observed redshift distribution is well approximated by dz dN/dz ∝ 2 (dz/z) (z/z m )
Thus, this analysis suggests that about one in every four hundred objects will be a blend. Notice also that, at least on small scales, the number of blends increases as θ 3−γ ; for γ = 2, the number scales linearly with the allowed angular separation between the blends. This analysis assumes that ξ is a power-law all the way down to vanishingly small scales. If ξ is shallower on small scales, then the predicted number of superpositions is smaller, and scales approximately as θ 3−γ eff , where γ eff is the effective slope on scales of order 10 kpc (recall that 1 ′′ at z = 0.3 is 4.4 kpc).
To account more carefully for the effects of clustering and the magnitude limit is more complicated. We have chosen to do so by performing Monte-Carlo simulations as follows. Note that this analysis is not intended to be definitive-we only wish to demonstrate how more sophisticated models of the early-type galaxy distribution can yield substantially more information about the likelihood of superposition. Conversely, the fraction of superpositions constrain the various parameters of such MonteCarlo models.
We start with the Very Large Simulation (VLS; Yoshida, Sheth & Diaferio 2001) of a ΛCDM cosmology. This simulation followed the evolution of 512 3 particles in a 479h −1 Mpc cube; the particle mass in the simulation is 6.86 × 10 10 h −1 M ⊙ , so halos more massive than ∼ 1.3 × 10 12 h −1 M ⊙ are reasonably well represented by the simulation. A catalog of the positions and masses of the dark matter halos in this simulation has been made available by the Virgo consortium (http://www.mpa-garching.mpg.de/Virgo). We model the SDSS early-type galaxy distribution by populating the simulated halos with model galaxies in such a way that the luminosity function, and the luminosity dependence of clustering are approximately reproduced. In particular, Zehavi et al. (2005) studied the clustering of galaxies as a function of luminosity in the SDSS. Although they did not study clustering as a function of morphological type, we use some aspects of their results to guide the construction of our mock catalogs as follows. ′′ , the effects of seeing are modeled by a symmetric Gaussian with FWHM = 1.5 ′′ , and the photon counts are binned in square pixels which are 0.4 ′′ on a side. Together, the two components sum to r = 17.5 mags. Panels from left to right show what happens as the separation between the objects increases from 0.4 to 0.8 to 1.2 ′′ , and from top to bottom show brightness ratios of 1, 2.5 and 10 (the brighter component is on the left). Contours show isophotes which are 0.9, 0.8, 0.7, 0.6, 0.5, 0.25, 0.125, 0.0625 and 0.03125 times the maximum. Seeing limits evidence for superposition from the photometry to angular separations ∼ >1 ′′ , and this minimum scale increases if the brightnesses of the two components are very different.
We assume that the mean number of early-type galaxies increases with halo mass as N gal |M halo = 1+M halo /23M min provided M halo > M min , and it is zero in lower mass haloes. The parameter M min is chosen to match the number density of early-type galaxies reported by Bernardi et al. (2003b) : in our case, M min = 1.5 × 10 12 h −1 M ⊙ . With this prescription, about twenty percent of the galaxies are in halos which host at least one other galaxy. In all halos more massive than M min , we place the first galaxy at the halo centre, then draw a Poisson random number N sat which has mean M halo /23M min (a Poisson distribution for the satellite galaxies is motivated by the work of Kravtsov et al. 2004) , and distribute the N sat satellite galaxies around the halo centre so the resulting density run of galaxies resembles an NFW profile (Navarro et al. 1997) .
To insure that the mock galaxy sample has the correct distribution of luminosities, we generate the Lognormal distribution which Bernardi et al. (2003b) find describes this early-type sample well. The results of Zehavi et al. (2005) suggest that the central galaxy in a halo is almost always substantially more luminous than the others, and that its luminosity increases monotonically with the mass of its host halo. In contrast, the distribution of satellite galaxy luminosities depends only weakly on parent halo mass. To incorporate such an effect into our mocks, we rank order the luminosities and the host halo masses, assign the brightest luminosity to the galaxy at the centre of the most massive halo, and work our way down the set of luminosities and halos, assigning successively fainter luminosities to central galaxies of host halos with ever lower masses. Once all central galaxies have been assigned luminosities, the fainter luminosities which remain are assigned to satellites without regard to the masses of the parent halos.
We then model the SDSS survey as a cone oriented in a random direction within the box, and compute angular positions, redshifts and apparent magnitudes for each simulated 'galaxy'. In this way, we can simulate the chance of having a blend which would have been bright enough to satisfy the SDSS magnitude limit.
The simulation box is L = 479h −1 Mpc comoving on a side, which means that observations out to z ∼ 0.16 are straightforward to model. Since we would like to reach to redshifts of order 0.3, we surround the initial box by copies of itself, each rotated by a random angle, to avoid spurious projection effects. This is not ideal, particularly because the VLS halo catalogs are taken from a single snapshot at z = 0, so our mock catalogs do not account for evolution along the lightcone. A similar analysis using the Hubble Volume lightcone outputs is only possible for halos more massive than 5 × 10 13 h −1 M ⊙ . For these more massive halos, the VLS and Hubble Volume catalogs yield similar results, suggesting that evolution along the lightcone is not an important effect. We also constructed mock catalogs with lightcone effects built-in using the PTHalos algorithm (Scoccimarro & Sheth 2002) . These allow us to probe smaller masses; they too suggest that the single snap-shot VLS simulations are sufficiently accurate for our purpose.
In our simulations, about one out of every five hundred objects with apparent magnitudes in the range 14.5 ≤ m r ≤ 17.75 is a superposition of two galaxies which are separated by less than one arcsec. (If we also impose a cut on the ratio of the apparent brightnesses of the two components, to model the fact that if the smaller component contributes less than ten percent of the light we are unlikely to notice it, then the predicted number of identifiable superpositions falls slightly.) On arcsecond scales, the fraction increases slightly faster than linearly with increasing angular separation. (Thus, our analytic clustering estimate was not far-off.) Of these, only about ten percent come from objects which are in different halos; for the majority of pairs, both galaxies are in the same cluster. The spectra shown in Figure B2 suggest that separations in velocity space are typically between 500 and 1000 km s −1 , although it is difficult to identify superpositions from the spectra alone if the redshift differences are smaller than ∼500 km s −1 . If these line-of-sight separations are due to virial motions, then they correspond to virial masses of order 5×10
14 h −1 M ⊙ , consistent with the simulations (recall that only halos with mass greater than ∼ 4 × 10 13 h −1 M ⊙ contain more than one early-type galaxy, so we expect superpositions from galaxies in substantially more massive halos).
A.2 Evidence for superpositions
We use a combination of photometric and spectroscopic information to determine if an object is likely to be a superposition, and we then use a combination of two methods for estimating the velocity dispersions of the two components (although the S/N ratios of the spectra are relatively low, so these estimates are crude). If the isophotes of the image are asymmetric we flag the object as a possible blend. Figure A1 illustrates that evidence for superposition from the photometry is limited to angular separations larger than ∼1 ′′ , and brightness ratios of order 10. Therefore, we also use the cross-correlation method (e.g. Simkin 1974; Tonry & Davis 1979) as a simple diagnostic: we flag the object as a possible blend if the highest peak of the cross-correlation function is asymmetric. We then re-fit for the velocity dispersion, this time allowing for the possibility that the observed spectrum contains light from two sources. Our method is described in the next subsection.
We label as doubles all objects whose spectra are significantly better fit by two components than one; this was true for about half the objects. For the other half, the spectra and the photometry gave ambiguous results (e.g., neither the image nor the cross-correlation peak showed significant asymmetry, or the best two-component fit returned the same template with negligible redshift separation (i.e., smaller than one pixel). Although a substantial fraction of these objects may well be massive single galaxies, follow-up observations are required to produce conclusive evidence against the superposition hypothesis.
The next subsection describes our analysis of the spectra, the results of which are shown in Figures B1 and Figure B2 . Note that in many instances, the spectra show more compelling evidence for superposition than do the images. Note also that a significant fraction of superpositions are in fields which are not particularly crowded.
(Only a few representative examples are presented here; the electronic version of this article shows similar figures for all the objects in our sample.)
A.3 Velocity dispersions
The velocity dispersion is usually estimated by starting with a high signal-to-noise template spectrum, and then finding that function which, when convolved with the template, yields the closest match to the observed spectrum. Fourier (Simkin 1974; Sargent et al. 1977; Tonry & Davis 1979 ) and real-space techniques (Franx, Illingworth & Heckman 1989; Rix & White 1992) have been developed for doing this. The accuracy of the estimated σ depends crucially on judicious choice of template; if the template is a poor match to the object of interest (e.g., using a latetype stellar template to fit the spectrum of an early-type galaxy), then all the techniques above will yield a biased answer.
To illustrate, the top pair in each set of panels in Figure B2 show the results of the cross-correlation and the direct-fit methods. In many cases, the cross-correlation function shows two distinct peaks, indicating the spectrum is almost certainly a superposition of two objects. The curves show the result of fitting the sum of two Gaussians to the cross-correlation function. The separation between the peaks is an estimate of the separation in velocity space between the two components, the widths of the two Gaussians yield estimates of the two velocity dispersions, and the relative amplitudes of the normalized Gaussians yield estimates of the relative apparent brightnesses of the components. The separations are almost always less than 1000 km s −1 . The direct fit method used by the SDSS assumes that the observed spectrum is the convolution of a template spectrum with a single Gaussian. Often, it shows that χ 2 of the difference between the observed spectrum and the broadened template has a very well-defined minimum, even though the cross-correlation method clearly shows the presence of two peaks. Evidently, by assuming an incorrect broadening function (a single Gaussian) the direct fitting method can yield misleading results. On the other hand, simulations show that, if either the signal-to-noise ratio is small, or the template is really a poor match to the observed spectrum, then the peak of the cross-correlation function can become asymmetric. In the cases where the two peaks are well-separated, this is not a concern, but there are several other cases in which the separation is small enough that the evidence for two components is less compelling. In such cases, should we interpret a deep and narrow minimum from the direct-fit method as indicating that the object is, in fact, a single? To address such cases, we have modified the direct-fitting method as follows.
The main weakness of the direct fit method was the assumption that the broadening function was a single Gaussian, or, more specifically, that the broadened template is actually a good description of the observed spectrum. Most stellar and globular cluster based templates are built from the spectra of relatively nearby objects. Therefore, there are few available templates which are suitable for matching the spectra of massive early-type galaxies, particularly those which have both super-solar metallicities and α-element abundance ratios. This is a particular concern, because chemical abundances are expected to correlate with velocity dispersion, so one might worry that templates constructed from local stellar populations will give increasingly biased answers for the objects of most interest to us-the most massive early-type galaxies.
Recently, Bernardi et al. (2003d) have compiled a large catalog of early-types, from which they constructed composite spectra of high signal-to-noise ratio (S/N∼ 80). It is these composite spectra which we use as our templates because, in principle, they already incorporate the effects on the spectrum of changing chemical abundances with increasing velocity dispersion.
We construct a library of composites, shifted by various amounts (between −0.004 ≤ ∆z ≤ 0.004 in steps of ∆z = 0.0001) with respect to one another (i.e., the steps are approximately twice the size of a pixel in the SDSS spectrograph). We then find that pair of shifted composites which most closely match (in a χ 2 sense) the observed spectrum in (log) wavelength space. Solution of this minimization problem requires inversion of an m × m matrix where m is the product of the total number of composites and the total number of shifts. In this respect, our method is essentially that of Rix & White (1992) , except that, because our template spectra are already broadened, the 'broadening function' to be found is the separation between the two composites. We treat the overall normalization of each composite template as a free parameter, so that the fitting procedure also returns the fraction of the total light in each component.
The best-fit spectra returned by this method (smooth red lines) are compared with the observed spectra (noisier black lines) in the sets of three panels shown in Figure B2 . Rather than showing the entire wavelength range, we have chosen to highlight the regions around the H and K lines, the g band, and the Mg doublet. The text indicates the velocity dispersions and redshift separations of the two composites, and the fraction f of light contributed by the first composite. For comparison, the estimated velocity dispersion based on fitting a single broadened Gaussian is shown in the upper left hand corner; the associated spectrum is shown in blue (dotted). In most cases, the twocomponent fit is a significant improvement. It is also instructive to compare the estimated separations yielded by this method with the cruder estimates based on the crosscorrelation method (cruder because the cross-correlation method compares a single small σ template with the observed galaxy spectrum, rather than a pair of composite spectra). Figure B1 shows images and spectra of objects which are not obvious superpositions. Figure B2 shows the corresponding information for objects which are superpositions. In all cases, top left in each series of panels shows fields approximately 1 ′ × 1.5 ′ and 7.6 ′′ × 10.4 ′′ in size centred on the objects (each pixel is 0.4 ′′ on a side). The SDSS spectrograph fibers are each 3 ′′ in diameter, so neighbours more distant than this are unlikely to affect the observed spectrum. The top center and top right panels show the results of the cross-correlation function and the direct-fit estimates of the velocity dispersion. Bottom panels show sections of the spectrum with our best-fitting composite spectra superimposed. In Figure B2 (objects classified as superpositions), the best two-component fit is also shown. Two-component fits are also shown in some cases of Fig-ure B1 where the evidence for two components is reasonable but not compelling.
B. IMAGES AND SPECTRA OF OBJECTS WITH LARGE VELOCITY DISPERSIONS
The electronic version of this article shows similar figures for all the objects in our sample; only a few representative examples are presented here. These examples were chosen to illustrate which features in the images or spectra help determine whether or not the object in question is a superposition. The first three show objects we classified as unlikely to be superpositions, whereas the final three are almost certainly superpositions.
• SDSS J151741.7-004217.6: This object is in a reasonably crowded field, but the surface brightness contours show no clear evidence of irregularities. The spectrum has relatively high S/N, and also shows no convincing evidence of superposition: the cross correlation function is symmetric, the minimum of χ 2 for the direct fit method is narrow and well-defined, and a single component fit provides a good description of the various line-profiles.
• SDSS J154017.3+430024.5: This object is in a considerably more crowded field, and the isophotes in the center are slightly irregular. However, the crosscorrelation and direct-fit techniques are still relatively symmetric. Notice that the spectrum has slightly lower S/N.
• SDSS J141922.4+011457.8: This object is relatively isolated and the isophotes show no clear evidence of irregularities. While the cross-correlation function is not symmetric, the asymmetry is not strong enough to provide compelling evidence for two components.
• SDSS J014157. 5-010626.3: This object is in a crowded field, the isophotes show evidence for two components. The cross-correlation function suggests slight evidence for two components and the minimum of χ 2 from the direct fit method is broad and asymmetric. However, two component fits to the various line-profiles are not significantly better than single component fits. Nevertheless, the spectrum is beginning to show rapid oscillations which are not seen in single-component spectra.
• SDSS J162255.0+455514.7: This object is also in a crowded field, and the isophotes, the cross-correlation function and the direct-fitting method all show evidence for two components. Two-component models provide a reasonable description of the oscillations in the spectra.
• SDSS J080234.9+362100.9: This object is in a crowded field, and the spectrum shows clear evidence for two components, even though the isophotes do not. Notice again how the two component model provides a significantly better description of the oscillations in the spectrum. ′′ on a side). The SDSS spectrograph fibers are each 3 ′′ in diameter, so neighbours more distant than this are unlikely to affect the observed spectrum. The top center panels show the cross-correlation between a template and the observed spectrum. Double-Gaussian fits to the cross correlation function, shown as two smooth red curves which sum to give the green curve, and yield estimates for the velocity dispersions of the individual components. The value of χ 2 around its minimum, computed using a the direct-fit method assuming only a single broadening function, is shown in the top right panel of each series; text shows the estimated velocity dispersion. The bottom panels in each series show the result of using the direct-fit method to determine the pair of composite spectra which best-fit the observed spectrum; red solid lines show the combined spectrum of the best-fitting pair, the parameters of which are given in the left-most panel. Figure B1 but for objects classified as superpositions.
